The clan GH-A is a group of more than 200 proteins representing nine established families of glycosyl hydrolases that act on a large variety of substrates. This clan includes five enzymes implicated in lysosomal storage diseases: P-glucuronidase (Sly disease), 3-glucocerebrosidase (Gaucher disease), P-galactosidase (Landing disease and Morquio type B disease), 8-mannosidase (mannosidosis) and a-L-iduronidase (Hurler-Scheie disease). Examination of known 3D structures from some families of the clan allowed us to deduce structural and functional features shared by these proteins. We then used the hydrophobic cluster analysis method to study the protein sequences of the entire clan. Our results reveal that, despite low levels of sequence identity, all the proteins of the clan (including the aforementioned lysosomal enzymes) likely share a similar catalytic domain consisting of an (a/B) 8 barrel with conserved functional amino acids located at the C-terminal ends of six of the eight strands constituting the (J-barrel. Interestingly, several mutations reported to be responsible for lysosomal storage diseases are located within these conserved regions of the lysosomal enzyme catalytic domains.
Introduction
Glycosyl hydrolases are a widespread group of enzymes that hydrolyze the <9-glycosidic bond between two or more carbohydrates or between a carbohydrate and a noncarbohydrate moiety. The enzymatic hydrolysis of a glycosidic bond occurs by using one of two major mechanisms leading to overall retention or inversion of the anomeric configuration. In both mechanisms, catalysis involves two residues: a proton donor and a nucleophile. In retaining enzymes, the two residues are situated on the two opposite sides of the glycosidic bond and are separated by a distance of approximately 5.5 A. In inverting enzymes, this distance is larger and less constrained to accommodate a water molecule in addition to the substrate (McCarter and Withers, 1994; Davies and Henrissat, 1995; Alzari et al., 1996) Glycosyl hydrolases have been classified into 58 families based on amino acid sequence similarities (Henrissat, 1991; Henrissat and Bairoch, 1993, 1996) . The glycosyl hydrolases from families 1, 2, 5, 10, 17, 30, 35, 39 , and 42, which represent a group of more than 200 distantly related protein sequences that act on a large variety of substrates, were recently proposed to have evolved from a common ancestry (Henrissat et al., 1995; Jenkins et al., 1995) . These enzymes hydrolyze the glycosidic bond in a general acid catalysis mechanism with retention of the anomeric configuration. This mechanism involves two glutamic acid residues which are the proton donor and the nucleophile, with an asparagine always preceding the proton donor. Analysis of a set of known 3D structures from this group revealed that their catalytic domains, despite low levels of sequence identity, adopt a similar (a/[3) 8 fold with the proton donor and the nucleophile located at the C-tenninal ends of strands (34 and p7, respectively. In a recent update of the sequence-based classification of glycosyl hydrolases, the group of families 1, 2, 5, 10, 17, 30, 35, 39 , and 42 has been named clan GH-A (Henrissat and Bairoch, 1996) The aim of the present study was to get insights into the structures of the catalytic domains of the lysosomal glycosyl hydrolases belonging to clan GH-A: human [3-glucuronidase (hBGLU, family 2; Oshima et al., 1987) , bovine 3-mannosidase (bBMAN, family 2; Chen et al., 1995) , human p-glucocerebrosidase (hBGC, family 30; Ginns et al., 1984) , human 3-galactosidase (hBGAL, family 35; Morreau et al, 1989) and human a-L-iduronidase (hlDUA, family 39; Scott et al., 1991) . Better knowledge of the features of these catalytic domains could indeed help to understand, at the molecular level, the effects of mutations responsible for enzyme deficiencies causing lysosomal storage diseases. Thus, we have collected information concerning the known 3D structures from families 1, 2, 5, 10, and 17 to highlight the most important structural and functional features shared by these enzymes. However, simple 1D sequence comparison methods cannot be used to compare proteins with low levels of sequence identity, such as the known 3D structures and the lysosomal enzymes. Therefore, we used the 2D hydrophobic cluster analysis (HCA) method to study the protein sequences of the entire clan (except family 42) to investigate whether the common features observed in the 3D structures are conserved for the members of each family. In this manner we were able to collect information allowing us to precisely identify structural as well as functional features of the catalytic domains of the five aforementioned lysosomal enzymes.
Results and discussion
Information deduced from the known 3D structures from families 1, 2, 5, 10, and 17 We have based the prediction of the structure of the catalytic domains of the various lysosomal glycosyl hydrolases from clan GH-A on the location, in their amino acid sequences, of the most conserved structural and functional features observed in known 3D structures of the clan. Indeed, conserved amino acids which play functional roles can be identified from the comparison of the known 3D structures from families 1,2, 5, 10, and 17. These residues are located at the C-terminal ends of strands P2 (Arg and His/Tyr), £3 (His), £4 (Asn and Glu, the proton donor), P6 (Asn/Gln/His and His/Tyr), £7 (Glu, the nucleophile), and p8 (Trp/Phe) ( Figure 1 , Table I ). These amino acids participate in a network of hydrogen bonds which contribute to the stability of the active site, influence the protonation state of the proton donor and the nucleophile, or directly interact with the substrate. Most of this information has recently been reported (Dominguez et al., 1995 (Dominguez et al., , 1996 Ducros et al., 1995; Jenkins et al., 1995) . In the present report, we extend to the 3D structures of families 1 and 2 the observation that the P-strands carrying the conserved functional residues are situated on each side of an axis lying from strands pi to £5 (Figure 1 ). This axis is also the major axis of the elliptical cross-section of the (J-barrel, as previously reported for 3D structures from families 5, 10, and 17 (Jenkins et al., 1995; Dominguez et al., 1996) . Finally, our comparison of 3D structures from families 1, 2, 5, 10, and 17 also revealed that the eight helices constituting the peripheral a-barrel are positioned and oriented in a similar way even though their length varies considerably. This is especially true for ot4, a6, and a 7 for which positions and orientations are almost identical. It is worth noting that helices a4 and al follow the two f}-srrands carrying the proton donor and the nucleophile located after strands £4 and £7, respectively ( Figure 1 , Table II) .
All these data demonstrate the remarkable conservation of the 3D structures of enzymes despite their highly divergent amino acid sequences (typically less than 20-25% identity). However, a few amino acids are conserved for all these enzymes as they are directly implicated in the catalytic machinery.
HCA analysis of clan GH-A enzymes including lysosomal glycosyl hydrolases
The above information gained by the comparison of the glycosyl hydrolase 3D structures could not be obtained by a simple comparison of their amino acid sequences using classical ID sequence alignment methods. Indeed, these methods use algorithms based on the maximization of an identity or similarity score between the compared amino acid sequences and cannot be applied to sequences sharing less than 20-25% identity. For similar reasons ID methods cannot be successfully used to compare the amino acid sequences of the various lysosomal enzymes of clan GH-A to the sequences of the 3D structures in order to precisely identify the features of their catalytic domains. We have therefore used a more sensitive comparison method, HCA (Gaboriaud et al., 1987) , which is based primarily on the basic structural features of globular proteins. This comparison focused on the location of the most important and conserved elements found in the 3D structures: the P-barrel and the conserved functional amino acids constituting the catalytic site.
For families 1, 2, 5, 10, and 17, we have compared the HCA plots of each member with the HCA plots of known 3D structures from the same family. In this manner, we could characterize for a given family the sequences of the P-barrels of all proteins by precisely identifying on their HCA plots the hydrophobic clusters representative of the eight p-strands of the known 3D structures. This methodology has enabled a good prediction of the secondary structures of all proteins studied here. As with the comparison of known 3D structures, HCA has also revealed that the most conserved structural elements of the catalytic domains are the eight strands of the p-barrel. The conserved amino acids observed for the 3D structures and which play a functional role are also conserved for all the proteins we have studied within each family.
The information deduced from this large number of sequences was directly used to locate the eight strands of the P-barrel as well as likely functional amino acids of the catalytic domains of the various lysosomal enzymes of clan GH-A: hBGLU (family 2), bBMAN (family 2), hBGC (family 30), hBGAL (family 35), and hIDUA (family 39). Thus, HCA suggests that the catalytic domains of the lysosomal enzymes could have an (a/P) 8 barrel structure. The analysis of the HCA plots of hBGLU and bBMAN was easier to perform than that of the three other lysosomal enzymes, as the former two enzymes belong to a family comprising the already known 3D structure of BGAL from Escherichia coli (Jacobson et al., 1994) .
The size of the catalytic domain, which extends from pi to P8, ranges between 250 (for hBGLU) and 315 residues (for hBGC). However, we were not able to locate with absolute certainty strand p8 in hIDUA and strand p3 in hBGC (this strand could be located in a cluster centered on amino acid 200). Some of the functional amino acid residues found to be conserved in families 1, 2, 5, 10, and 17, to which hBGLU and bBMAN belong, are also conserved for all members of families 30, 35 and 39, to which hBGC, hBGAL and hIDUA belong ( Figure 2 , Table I ). In the 3D structures of families 1, 2, 5, 10, and 17, these residues are directly implicated in glycosidic bond hydrolysis, interaction with the substrate and stabilization of the proton donor and the nucleophile. We suggest that the similar or identical residues identified in lysosomal enzymes are also the critical residues in their active sites. Of note, there is no His or Tyr after strands p2 and P3 on the HCA plot of bBMAN; however, bBMAN is the only family 2 protein for which such a residue is missing.
In conclusion, these findings allowed us to predict that the C-terminal ends of strands P2, P3, B4, P6, p7, and P8 of the Ducros et al, 1995) , P-l,4-glycanase from Cellulomonas fimi (Cex, family 10; White et al., 1994; PDB:2EXO) , and B-1,3-glucanase from Hordeum vuigare (GHS, family 17; Varghese et al., 1994; PDB:1GHS) . The five structures are represented in an identical 3D system of reference. Only strand (51 and helice al are labeled; the other secondary structures can be deduced counterclockwise (a5 is lacking in BGAL and a8 is lacking in GHS). We have represented the functional amino acids conserved within these five families (see Table I ), the P-barrel carrying those residues and the a-helices surrounding the P-barrel (for each barrel, the order of the 2D structures is piotlf52a2 . . .). To simplify the figure, the segments joining strands and helices are omitted and the W-terminal end of each helice is indicated by the letter N. This figure was drawn using Molscript (Kraulis, 1991) and IslandDraw (Island Graphics, The Netherlands) programs. 'Amino acid numbering given as in the PDB files for 3D structures and as in SwissProt and Genbank files for lysosomal enzymes.
•"Glycosyl hydrolase family number from the classification of B. Henrissal (Henrissat, 1991; Henrissat and Bairoch, 1993) . Toint mutations for these residues are known and are responsible for enzymatic activity deficiency in patients with the corresponding lysosomal storage disease. *nie prediction made for hBGLU is in complete agreement with its very recently published 3D structure (Jain et al., 1996) . The function of these concerved residues in substrate binding and in catalytic activity has been demonstrated by co-crystallization experiments between CBG and linamarin (Barrett et al., 1995) and between Cex and a fluorocellobioside (White et al., 1996) . Residues previously demonstrated to be important for catalysis are Glu461, TyrS03 and Glu537 in BGAL (Cupples et al., 1990; Ring and Huber, 1990; Gebler et al., 1992) , Arg79 and Hisl22 in CelCCA (Belaich et al., 1992) , and Glu231 in GHS (Chen et al., 1993) . The role of Glu379 in hBGC as the active-site nucleophile has been demonstrated experimentally (Miao et al., 1994) . The conservation of the proton donor and the nucleophile within these families has previously been described by B. Henrissat (Henrissat et al., 1995) . f In the 3D structures, these His and Tyr occupy a similar spatial position although they are not located at tne C-terminal end of the same P-strand (see Figure 1 ).
catalytic P-banel carry conserved functional amino acids. These residues are quite well conserved within families 1, 2, 5, 10, 17, 30, 35, and 39 of glycosyl hydrolases, and, in addition of the dipetide N-E(proton donor) and the nucleophile which were previously described (Henrissat et al., 1995) , two residues are conserved for all the members of the clan: Tyr/His at C-tenninal end of P6 and Trp/Phe at C-terminal end of (18 (Table I) .
Amino acid numbering are given as in the PDB files.
Superimposition of the B-barrels
Active-site motifs of lysosomal acid hydrolases The 8 B-strands of the B-barrels of CBG (family 1), BGAL (family 2), CelCCA (family 5), Cex (family 10) and GHS (family 17) were superimposed, each B-barrel totalling 32 residues (see the above table). The rms values (in A) were calculated on the full backbone (Ca, C, O and N atoms). The corresponding amino acid sequence identities are given in parentheses (%). Values were calculated on the basis of the superimposed P-barrel. Each value is the angle between the axis of one helix with the axis of the corresponding helix in CBG. The values are given in degrees and were calculated using EDPDB software (Zhang et al., 1995) . Columns a4, a6 and a7 concern helix orientations closely identical in the 3D structures. *This helix is missing in the 3D structure.
Mutations causing lysosomal storage diseases are located within the predicted catalytic domain
The value of the models proposed for the catalytic domain of the lysosomal enzymes of clan GH-A cannot easily be assessed by classical analysis of the multiple alignment of their amino acid sequences as the sequence identities are lower than 20-25%. However, analysis of the location of mutations described in patients and occurring in the predicted catalytic domains can provide an indirect validation of our approach. Many point mutations have indeed been identified in patients with lysosomal storage diseases including hBGLU (Sly disease), hBGC (Gaucher disease), hBGAL (Landing disease and Morquio type B disease), and hIDUA (Hurler-Scheie disease). Among these mutations, some involve amino acids located within the various P-strands (Figure 2 ). Others are of particular interest as they affect the conserved critical amino acids located at the C-tenninal ends of strands constituting the catalytic P-barrel.
Interestingly, a mutation common to hBGLU, hBGC, and hIDUA affects the arginine residue of strand $2. As previously mentioned, this arginine could play a role in the activation of the nucleophile (Table I) . For hBGLU, an R382C mutation has been identified in a patient with a mild form of Sly disease. This mutation significantly reduces the enzymatic activity (Tomatsu et al., 1991) . For hBGC, an R158Q mutation destroys the p-glucocerebrosidase activity (Graves et al., 1988) . In the case of hIDUA, two mutations of the R89 residue have been described. The first one is an R89Q mutation observed in patients with a mild form of MPS-I (Scheie disease), and the mutant hIDUA protein has a reduced ability to bind and/or to turn over the substrate (Scott et al., 1993; Yamagishi et al., 1996) . The second mutation, R89W, is probably also a Scheie mutation (Bunge et al., 1995) .
For hBGAL, a Y83H mutation, which concerns the tyrosine residue located at the C-terminal end of strand £3, was observed in a patient with Morquio type B disease. The mutant hBGAL enzyme has an activity of only 2-5% of normal (Ishii et al., 1995) . For hBGC, a W417G mutation was described in a patient with Type I Gaucher disease (Beutler et al., 1994) . Although there is no evidence that this tryptophan residue is involved in catalytic activity or in substrate binding, it is worth noting that this mutation is located at the end of strand P8 in our model.
In other respects, for hBGC, a pseudogene located about 16kb downstream from the functional glucocerebrosidase gene on chromosome I has been described previously (Horowitz et al., 1989) . This pseudogene was found to be consistently transcribed in normal subjects and in patients with Gaucher disease (Sorge et al., 1990; Imai et al., 1993) . As shown in Figure 2 , this protein probably lacks strands (31 and [32 of the ^-barrel, which suggests that it may not be functional despite the presence of the two glutamates previously identified as the two catalytic residues, the proton donor and the nucleophile (Henrissat et al, 1995) .
Conclusion
In this study we used HCA to predict a common structural feature, an (a/P) 8 barrel, and functional characteristics due to critically conserved amino acid residues for the catalytic sites of the various lysosomal enzymes belonging to clan GH-A of glycosyl hydrolases. Our observations are consistent with the location in these catalytic sites of yet reported pathogenic mutations. In addition, for hBGLU, our data are in complete agreement with the very recently reported crystalline 3D structure (Jain et al., 1996) . For the lysosomal enzymes studied here, our results could provide a molecular basis for sitedirected mutagenesis studies and contribute to a better understanding of phenotype-genotype correlations. Finally, our results predict that the catalytic domains of the glycosyl hydrolases of families 30, 35, and 39 also have an (a/3) g structure like those of families 1, 2, 5, 10, and 17. Thus, they reinforce the hypothesis that all these enzymes have evolved from a common ancestry, as previously suggested (Henrissat et al., 1995; Jenkins et al, 1995) .
Materials and methods
The HCA method (Gaboriaud et al.. 1987 ) is based primarily on the fundamental rules underlying the folding of globular proteins (i.e., the partition between a hydrophobic core and a hydrophilk surface). This method uses a bidimensional plot of the protein sequence obtained after duplication of an unrolled cylinder in which the amino acid residues follow an a-helical pattern. On this representation, the clusters of contiguous hydrophobic residues (V, I, L, F, M, Y, W) have been demonstrated to significantly correspond to the internal sides of regular secondary structure elements in globular proteins (Woodcock et al., 1992) . HCA can be used as a method for the prediction of secondary structure elements, especially in combination with information from structural databases. HCA is also a sensitive method of amino acid sequence comparison because it is not based solely on the maximization of alignment scores, as in most classical methods. HCA has proved to be able to detect similarities between proteins sharing low amino acid identity (typically 15-25%; Lemesle-Varloot et al., 1990) .
Protein sequences were taken from Swiss-Prot and GenBank databases. Atomic coordinates were from the Brookhaven Protein Database except for P-galactosidase from Escherichia coli and endoglucanase A from Clostridium cellulolyticum which were obtained from the authors. Protein 3D structure comparisons were made using Insight D (Molecular Simulations Inc., USA) and EDPDB (Zhang and Matthews, 1995) . 2, 5, 10, 17, 30, 35 , and 39 of clan GH-A, including lysosomal enzymes. On HCA plots of known 3D structures (CBG, BGAL, CelCCA, Cex, and GHS) the vertical lines correspond to the boundaries of the hydrophobic clusters in which P-strands carrying the catalytic site are located. The prediction of secondary structures of the five lysosomal enzymes (hBGLU, bBMAN, hBGAL, hIDUA, and hBGC) are indicated in the same manneT. We have also represented the HCA plot of the hBGC pseudogene (pseudoGC) The functional amino acids conserved within all these families are indicated by white letters on a black background. The proton donor and the nucleophile are indicated by AH and Bl abels, respectively. The single amino acid substitutions responsible for lysosomal enzyme deficiencies are indicated by small arrows (Beutler et al., 1994; Gieselmann, 1995; Yamada et al., 1995) .
